Hardness and alkalinity are known factors influencing the chemical stability of desalinated water.
INTRODUCTION
Pipeline corrosion in drinking water distribution systems is of special concern because of various related problems (Lee & Schwab ) . First, pipe mass is lost through leaching or oxidisation to soluble species or insoluble scales, which shortens pipe lifetime and increases the maintenance costs. Second, the scale can accumulate as large tubercles that increase head loss, decrease water capacity, and thus increase pumping costs. Finally, while having health impacts on consumers, the release of soluble or particulate corrosion by-products to the water decreases its aesthetic quality and often leads to consumer complaints of 'red water' at the tap. Iron pipe corrosion usually results in water quality with a red, brown or yellow colour, or a dirty appearance.
Corrosion products also provide habitats for microbial growth and react with disinfectant residuals, preventing the disinfectant from penetration of biofilm.
In recent years, seawater desalination has become one of the most important water resources, especially in coastal regions with insufficient fresh water supply. However, the soft product water is chemically unstable and the corrosiveness of the desalinated water threatens the service life of the water distribution pipelines. To prevent corrosion from happening and to control the water quality for drinking and other purposes, post-treatment of desalinated water is required (Hasson & Bendrihem ; Lahav & Birnhack ; Birnhack et al. ) . Various post-treatment methods include direct chemical dosage, blending with other water, calcite/dolomite dissolution to increase pH, alkalinity and buffering capacity. Most of them can provide calcium iron but few methods offer magnesium mineral.
Traditionally, the chemical stability of drinking water is a function of the value of three factors: (1) the buffering capacity or alkalinity of the water, i.e., the ability of the water to withstand substantial changes in pH when a base or an acid is added to it; (2) the propensity of the water to precipitate CaCO 3 , which can be described by a variety of qualitative (e.g., the Langelier) and/or quantitative (e.g., the calcium carbonate precipitation potential, CCPP) indices; and (3) the concentration of soluble Ca 2þ or other ions of multivalences in the water.
On the other hand, calcium is an element that is vital for human growth and health (Chiu et al. ) . A minimal Ca 2þ concentration value is required for health reasons and has been typically set at 50 to 60 mg/L as CaCO 3 . The maximum value is due to economic reasons attributed to the need to supply water that is not excessively hard. The range for Ca 2þ values thus lies roughly between 50 and 120 mg/L as as this cation has rarely been investigated in drinking water distribution pipelines.
METHODOLOGY
In this study, three types of pipeline materials (ductile iron, cast iron and cement-lined ductile iron) were explored to investigate the effect of Ca 2þ /Mg 2þ remineralised reverse osmosis (RO) membrane desalinated seawater on the stability of the pipe materials. Traditionally, cast iron was a widely existing pipe material for water and wastewater transport. Ductile iron is one of the most commonly used pipe materials in modern infrastructure for water distribution, while cement-lined ductile iron pipe has excellent anti-corrosion properties because cement lining provides a barrier between the water and the iron pipe, reducing the pipe's susceptibility to corrosion (Bonds ).
Ductile iron, cast iron and cement-lined ductile iron were selected as representative pipe materials. Rectangular metal coupons with the dimensions of 40 mm × 13 mm × 2 mm and with a 5 mm diameter hole at one end were prepared following the standard method (ASTM G- ). Table 1 , chemical compositions of ductile iron and cast iron are similar. Both were made of Fe Triplicate coupons of either ductile iron, cast iron or cement-lined ductile iron were immersed in 1-L glass reactors with 800 mL desalinated water in temperature-controlled incubators. The temperature was kept at 28-29 W C, similar to that of water in Singapore underground water distribution pipelines. Fifteen reactors were filled with remineralised RO membrane desalinated seawater. SWRO product was taken Table 2 , SWRO product was remineralised with various chemicals to a concentration level slightly above the minimum standard based on economic concern. The experiments were carried out following the standard procedures of laboratory immersion corrosion tests (ASTM G- ;
As shown in
ASTM G- ). The corrosion phenomenon was monitored during the whole process. After 497 hours' immersion, all coupons were taken out of the reactors, dried, cleaned and weighed for corrosion rate calculation. According to the ASTM standard, each coupon was rinsed with a forceful stream of cold tap water to remove residual test solution and loose corrosion products. Subsequently, the coupons were immersed in a chemical cleaning solution (500 mL HCl þ 3.5 g (CH 2 ) 6 N 4 ) for 10 min to remove attached corroded oxide film, and then water rinsed and oven dried. Finally, the coupons were mechanically cleaned by grit paper if persistent residues remained and then weighed after rinsing with water.
Water was filtered using 0.8 μm filter paper to remove particulates. Water characteristics, such as pH, total alkalinity, total hardness and total dissolved solids (TDS),
were measured before and after the treatment. 
RESULTS AND DISCUSSION

Corrosion phenomena
As shown in Figure 1 , after being immersed in the SWRO membrane product water, the iron coupons were subjected 
Corrosion rate comparison
The simplest and longest established method of estimating corrosion losses in plant and equipment is weight loss analysis. A weighed sample (coupon) of the metal or alloy under consideration is introduced into the process, and later removed after a reasonable time interval. The coupon is then cleaned of all corrosion products and is reweighed.
The weight loss is converted to a corrosion rate (CR) as follows (ASTM G- ):
where: K ¼ a constant, T ¼ time of exposure in hours, A ¼ area in cm 2 , W ¼ mass loss in grams, and D ¼ density in g/cm 3 . Many different units are used to express corrosion rates.
Using the above units for T, A, W and D, the corrosion rate can be calculated in a variety of units with the corresponding appropriate value of K. In this study, mils per year (mpy; 1 mils ¼ 1/1,000 inch ¼ 0.0254 mm) is used as the unit of corrosion rate and the constant K is 3.45 × 10 6 . Corrosion rate was calculated for each water sample tested and presented in Figure 2 .
Comparison of the corrosion rates of different pipeline materials showed that cement-lined ductile iron had the lowest while cast iron had the highest corrosion rate regardless of how the desalinated seawater was post-treated. As for the post-treatment methods, remineralisation of the water using The results showed that lime and carbon dioxide were very efficient to chemically stabilise the corrosive water.
Mg 2þ is a recent public health concern (WHO ) and so far most of the corrosion studies have been focused on the effect of Ca 2þ . Based on our knowledge, no studies have been conducted on the effect of Mg 2þ on pipeline material corrosion. Our results revealed that the combination of Ca 2þ
and Mg 2þ significantly reduced the coupon corrosion rate. 
SEM microstructure
The microstructure of coupons before and after the treatments was observed using SEM (Figure 3) . Before the treatment, the surfaces of ductile iron and cast iron coupons were even with some small cavities. After the treatments, the coupon surfaces became rough with pits. The corrosion mechanisms that were predominant for ductile iron and cast iron appeared to be uniform and identified as pitting corrosion (Reynaud ) .
Cement-mortar lining provided a barrier between the water and the pipe material reducing its susceptibility to corrosion conditions. Two main mechanisms could influence the degradation kinetics of cement lining: (1) ion transfers between the bulk water and the pore water; and (2) In our study, the corrosion products were found to be similar in composition to that of the outer surface layer previously described (Table 3 ). There were no obvious differences of the corrosion products between ductile iron and cast iron. Rust crusts found on the coupon surfaces were composed of FeO(OH) [lepidocrocite] , Fe(OH) 3 and other iron components. In Ca(OH) 2 or MgCO 3 treated water, calcium compounds (CaO, CaO 2 , CaCO 3 ) and
MgO 2 were detected in the corroded scales. A few tiny white granules, which were believed to be calcium deposits, were also found on some iron coupon surfaces.
Water quality
Various water quality parameters before and after remineralisation are presented in Figure 7 . Total alkalinity, total hardness, pH, TDS, redox potential, conductivity and Ca 2þ increased considerably with cement-lined ductile iron due to cement dissolution. In a study by Bonds (), extended contact under high-flow conditions initially accelerated leaching of cement-mortar lining but the changes in water quality were not noticeable due to the constant water dilution. In our study, however, extended contact between the water and the lining material significantly changed the water quality inside the reactor, including pH (not shown), alkalinity and calcium concentration, because the water in the reactor was not replaced during the experiment. It was noted that the Mg 2þ concentrations, however, decreased from 9.42 to 0.20 mg/L. To verify these changes on ion concentrations before and after the test, Ca 2þ /Mg 2þ balance was calculated for remineralised water with cement-lined coupons and the results are shown in For iron coupons in the water treated with Ca(OH) 2 þ CO 2 or Ca(OH) 2 þ MgCO 3 þ CO 2 þ NaHCO 3 , the water characteristics were similar before and after the remineralisation process except for hardness, alkalinity, Ca 2þ and Mg 2þ concentrations. Total alkalinity, total hardness, Ca 2þ
and Mg 2þ concentrations decreased after 497-hour corrosion tests probably as a result of CaCO 3 /MgCO 3 precipitation. Concentration of Mg 2þ marginally decreased from 9.42 mg/L to ∼8 mg/L in water without cement-lined coupons (Figure 7(d) ), while the difference was 9.22 (9.42 À 0.20) mg/L in the water with cement-lined coupons.
It indicates much more Mg 2þ precipitation in water with cement-lined coupons due to cement dissolution. According to Figure 7(d) and Table 4 , the Mg 2þ ions were precipitated as a result of reaction with the cement lining, which probably explains why their effect is slightly significant to cementlined iron coupons which were shown in Figure 2 earlier.
CONCLUSIONS
This study led to several observations with elevated Ca 2þ / Mg 2þ concentration in remineralised SWRO membrane product water in comparison with the control for ductile iron, cast iron and cement-lined ductile iron pipe materials. Of the corrosion rates for different post-treatments, desalinated water treated with Ca 2þ /Mg 2þ led to the lowest corrosion rate for all three pipe materials. The combination of Ca 2þ
and Mg 2þ further reduced pipe corrosion in comparison with Ca 2þ alone. Therefore, addition of both Ca 2þ and Mg 2þ is recommended for the post-treatment because of the benefits both to human health and in mitigating pipeline corrosion. 
